A method is described to measure triple helix dissociation constants by inhibiting the cleavage of a plasmid constructed to contain a target sequence for the triplex forming oligonucleotide (TFO) dT 20 by the type IIS restriction enzyme Eco57I. The method relies upon the TFO's ability to block the cleavage reaction by occupying the enzymes cleavage site but not its specific binding sequence. Using this protocol, the dissociation constant for dT 20 bound to its target was 0.16 ± 0.01 µM at 25_C. The accuracy of this experiment was demonstrated by measuring the K d of an affinity cleavage TFO using Eco57I and Quantitative Affinity Cleavage Titration. Type IIS restriction endonuclease footprinting should be useful for the qualitative and quantitative investigation of ligand-DNA interactions.
INTRODUCTION
Triple helix forming oligonucleotides (TFO) are an important class of sequence specific ligands which are being investigated as therapeutic agents (recently reviewed in references 1-3). To fully understand the binding behavior of these molecules, and to develop highly effective sequence specific ligands, it is important to be able to quantitatively characterize the interaction(s) of the ligand-DNA complex. Most commonly, triple helix stabilities or equilibrium constants are measured or inferred by techniques which have been used for the quantitation of duplex DNA and/or other ligand-DNA interactions. The techniques include: the measurement of T m (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) , the gel mobility shift assay (4, 6, (16) (17) (18) (19) (20) (21) , quantitative footprinting analysis (16) (17) (18) (19) 22, 23) and quantitative affinity cleavage (24, 25) . Here I describe an alternative method of quantitating triple helix formation utilizing a type IIS restriction endonuclease and a plasmid constructed to contain a target sequence for the TFO dT 20 .
Type IIS restriction endonucleases, a subset of the widely used type II restriction endonucleases which cleave DNA at defined sequences of four or more base pairs, have not been investigated for their use at probing ligand-DNA interactions. Type IIS enzymes are characterized by catalyzing phosphodiester bond hydrolysis at sites which are removed from their recognition sequence (reviewed in reference 26). For example the Eco57I binding/cleavage site is: where N is any nucleotide in the upper strand and is its complement in the lower. The restriction site is written 5′-CTGAAG (16/14) . Functionally type IIS restriction enzymes can be described as sequence specific DNA binding proteins coupled with sequence neutral endonucleases. FokI, another type IIS restriction enzyme, is comprised of two separable functional domains (27, 28) . One which binds DNA sequence specifically and the other which is a sequence neutral endonuclease (27) . Like traditional footprinting experiments using endonucleases that display a low degree of sequence specificity, the ability of the type IIS endonuclease to effect strand scission should be impaired by the occupation of the cleavage site by a ligand. Since it is possible to construct DNAs of defined sequence through a combination of synthetic and enzymatic steps, flanking a ligand binding site by a type IIS sequence recognition site is a relatively simple process. To exemplify using type IIS restriction enzymes to quantitate ligand-DNA interactions, as well as provide an additional method with which triple helix formation can be investigated, I report here the measurement of the dissociation constant at 25_C for dT 20 binding to a plasmid constructed to contain a triplex sensitive Eco57I site. Though it has been shown elsewhere that restriction enzymes can be inhibited by triplex formation (7) (8) (9) 12) , these studies relied upon competition between the triplex forming oligonucleotide and the restriction enzyme's sequence recognition site. This requirement limits the triple helices and other ligands which can be probed using restriction endonucleases to those which have target sequences which contain the restriction enzymes binding site. Unlike using type IIS restriction enzymes, this prerequisite is not amenable to general utility.
MATERIALS AND METHODS

Materials
Unless otherwise specified, all enzymes and reagents were from Sigma. dT 20 and 5-[N-(aminoethyl)-3-acrylimido]-2′-dUT 19 (NH 2 dT*T 19 ) were synthesized on a Biosearch 8700 DNA Synthesizer and purified by preparative electrophoresis (20% 19:1 bis:acrylamide, 7 M urea, 1× TBE). 5′-DMT-5-[N-(trifluoroacetylaminoethyl)-3-acrylimido]-2′dU,3′-CED-phosphoramidite was purchased from Glen Research. The EDTA conjugate (dT*T 19 ) was prepared by condensing the free amine tether with EDTA dianhydride by a modification of a published procedure (29) . Briefly, to 50 A 260 units of NH 2 dT*T 19 in 0.5 ml 0.1 M sodium bicarbonate buffer pH 9.0 was added 5 mg EDTA dianhydride (Aldrich). The reaction was agitated overnight at room temperature followed by preparative polyacrylamide gel electrophoresis. The 5′ 32 P labeled EDTA conjugate was characterized as a single band whose mobility on a 20% denaturing polyacrylamide gel was very similar to the unconjugated precursor. Complexation with Fe(II), Fe(III) and Cu(II), prepared by the addition of 1.1 molar equivalents of ferrous ammonium sulfate, ferric ammonium sulfate and cupric chloride respectively to dT*T 19 , followed by 5′ 32 P labeling yielded single bands that were retarded relative to the labeled NH 2 dT*dT 19 and dT*T 19 . The Cu(II) complex migrated at a rate that was intermediate between the iron and non-metallated species. The position of sequence specific DNA nicking by Fe(III)dT*T 19 was verified by comigration of its cleavage product with band 2 from an Eco57I digest of 32 P NdeI-pA20 on a 6% denaturing polyacrylamide gel.
Vector construction
A 73 base sequence (Fig. 1, exploded view) was synthesized on a Biosearch 8700. An aliquot (2 µl) of a 1:500 dilution of the crude oligonucleotide, diluted directly from the ammonium hydroxide deprotection solution, was PCR amplified (PerkinElmer) and purified (Qiagen) following routine supplier protocols. The amplified duplex was cleaved with BamHI and PstI and ligated into the multiple cloning site of pUC19 using standard protocols (30) . The resulting vector was transformed (30) into competent DH5α E.coli (Life Technologies) for plasmid propagation. Sequence was verified by dideoxy sequencing (USB) using M13 forward and reverse primers.
Plasmid cleavage and labeling
The plasmid pA20 (0.5 µg) was digested with 2 U NdeI for 1 h at 37_C in 10 µl 1× reaction buffer (20 mM Tris-acetate, pH 7.9, 50 mM KOAc, 10 mM MgOAc 2 , 1 mM DTT). After inactivating the enzyme for 20 min at 65_C, 40 µl labeling mix [1.25× reaction buffer, 6 mM DTT, 20 µCi [α-32 P]dTTP (3000 Ci/mmol) and 0.1 U/µl modified T7 DNA polymerase (USB)] was added.
Labeling was allowed to proceed for 10 min at 37_C. The reaction was extracted with 50 µl phenol-chloroform-isoamyl alcohol (25:24:1), diluted with 8.5 µg DraI digested lambda DNA and ethanol precipitated two times. The pellet was dissolved to 0.1 µg/µl lambda DNA in 10 mM Tris-HCl/1 mM EDTA (pH 7.5).
dT 20 -pA20 titration
Eight µl of pA20/DraI lambda DNA-1× spermine buffer (0.0125 µg/µl lambda, 100 mM NaCl, 100 mM Tris-HCl, pH 7.6, 10 mM MgCl 2 , 2 mM spermine) was added to enough 0.5 ml microcentrifuge tubes to span the dT 20 dilutions, a control (zero enzyme-zero dT 20 ) and a zero dT 20 tube. The tubes containing the highest concentration of dT 20 and the other components were prepared separately in a volume of 16 µl. Serial dT 20 dilutions were performed by transferring 8 µl from one tube to the next throughout the series beginning with the tube containing the 16 µl mixture. The concentration of the oligonucleotide was determined optically at 260 nm assuming an extinction coefficient of 158 mM -1 cm -1 . The extinction coefficient was measured by hydrolysis of the oligonucleotide to monomers with snake venom phosphodiesterase (31) . The reactions were allowed to equilibrate from 1 h to overnight at 25_C. Incubations in excess of 1 h had no observable effect on the measurement. The reactions were then digested for 30 min with Eco57I by adding 2 µl of a freshly diluted solution of the enzyme (100 mM NaCl, 100 mM Tris-HCl, pH 7.6, 10 mM MgCl 2 , 2 mM spermine, 50 µM S-adenosylmethionine and 0.02 U/µl Eco57I at 0_C). The reactions were stopped by adding 15 µl loading buffer (50 mM EDTA, 0.025% bromophenol blue, 0.025% xylene cyanol and 80% formamide) and heat denaturing at 95_C for 2 min. The fragments were separated on a 6% denaturing polyacrylamide gel run at 85 W (constant power) until the xylene cyanol had migrated ∼30 cm. To ensure adequate horizontal sample separation, 10 µl of each reaction was loaded into the 11.4 mm wells of a sharks tooth comb with alternating 5.7 and 11.4 mm wells. To prevent well to well seepage, 5 µl of a solution containing loading plus reaction buffer were added to the 5.7 mm wells. The comb was prepared by removing every third tooth of a 0.4 mm × 5.7 mm tooth to tooth sharks tooth comb. Intensifying screen assisted autoradiography was accomplished by lifting the gel from the gel casting plate with a fixed-undeveloped sheet of X-ray film followed by exposing a sheet of XAR-5 X-ray film overnight at -70_C. The two cleavage products (bands 1 and 2) were excised from the gel by placing the processed autoradiogram under the gel and cutting around the bands with a razor blade. The excised bands were placed into scintillation vials, scintillation fluid added and counted three times on a Beckman 3801LS scintillation counter. The data was non-linear curve fit and plotted versus the independent variable (i.e. [dT 20 ], [Eco57I]) using Sigma Plot version 5.0.
Enzyme dependence
Solutions were prepared and equilibrated as above except that the concentration of dT 20 was held constant (0.076 µM). Two times serial dilutions of Eco57I were added to the reactions beginning at 1 U/µl. The enzyme concentration was calculated assuming the activity claimed by the supplier. Electrophoresis, autoradiography and quantitation were as for the oligomer titration experiments.
Quantitative affinity cleavage titration
Fe(III)dT*T 19 was serial diluted and equilibrated as described above for dT 20 . Cleavage was initiated by addition of DTT to 4 mM. After 15-60 min loading buffer was added (above) followed by heat denaturation and electrophoresis (as above). There appeared to be no correlation between reaction time and K d . Quantitation was accomplished by excising the uncut and cut bands from the gel. Background for the cut band was measured by scintillation counting identically sized gel slices cut from immediately above and below the cut band. To compensate for lane to lane variations the data was fit to the logistic dose-response equation as:
Eco57I measurements of Fe(III)dT*T 19 binding to pA20 were performed under identical conditions and as described for dT 20 .
RESULTS AND DISCUSSION
To examine the possibility of using type IIS restriction endonucleases to measure TFO dissociation constants, the plasmid pA20 ( Fig. 1 ) was constructed. pA20 was synthesized by cloning the footprinting cassette (Fig. 1 , closed letter sequence) between the BamHI and PstI sites of pUC19. The entire exploded view sequence ( Fig. 1) was synthesized by amplifying a synthetic template using the PCR (see experimental). pA20 contains Eco57I sites at positions 429, 1375 and 2423. Eco57I was chosen for this experiment because it retained a high degree of activity under a variety of conditions which could be encountered in measuring a triple helix dissociation constant. These include low pH (≈6), high salt (1 M NaCl) and high TFO (≈0.1 mM) concentration (21, 25) . For this exemplary experiment the conditions were chosen to ensure triple helix formation (11, 24, 25) .
Footprinting vectors which contain ligand targeting and non-targeting type IIS sites should allow the non-targeted sites to be used as internal controls. To provide a reference point between the ligand targeted and non-targeted sites, pA20 was uniquely cleaved and 3′ 32 Figure 2 , a limited digest of the plasmid with Eco57I produces three major fragments of lengths 2728, 488 and 246 base pairs. These bands will be henceforth referred to as uncut, band 1 and band 2 respectively. The appearance of only three major bands is due to a combination of gel resolution and variations in site cleavage rates. Eco57I cuts NdeI-pA20 in the descending site order: 429 > 2423 > 1375. To verify band 2's identity, a mixture of EcoRI and HindIII digested NdeI-pA20 (separate digests) was also loaded onto the gel (Fig. 2, lane 2) . Eco57I(429) is flanked by EcoRI and HindIII restriction sites (Fig. 1) .
Band 2 is produced by Eco57I cleavage of NdeI-pA20 within the engineered dA 20 dT 20 tract. This sequence is the target sequence for the triplex forming oligonucleotide dT 20 (32, 33) . The extent of cleavage resulting in the production of band 2 is dependent upon the concentration of dT 20 (Fig. 2) . At high dT 20 concentration (3.5 µM) the amount of band 2 is essentially zero (Fig. 2, lane 4) . From [dT 20 ] = 3.5 to 0.014 µM, the intensity of band 2 increases as the concentration of dT 20 decreases (Fig. 2,  lanes 5-12) . Since dT 20 is not expected to bind at or near Eco57I(2423), the production of band 1 should not be influenced by the presence of dT 20 . Inspection of Figure 2 shows that band 1 does indeed appear to be insensitive to [dT 20 ]. Band 1 should therefore be useful as an internal control for the measurement of the dT 20 triplex dissociation constant at the dA 20 dT 20 tract.
To minimize any possible artifacts due to enzyme redistribution as a result of ligand binding, DraI cut lambda DNA was added to the reactions. Lambda was chosen because it contains 40 Eco57I restriction sites and no sequences which will a priori competitively bind dT 20 (discussed further below). Reactions containing equimolar quantities of pA20 and lambda, assuming quantitative pA20 recovery from the cleavage and labeling steps, will assure that the pA20-Eco57I sites are in low abundance. This condition should be beneficial to the minimization of artifacts which could be the result of enzyme redistribution (34) .
Carrier DNAs not only offer the opportunity for buffering the endonuclease but can provide sites for competitive ligand binding. Competitive ligand binding results in decreasing the concentration of free ligand (35) . Such a condition, if not accounted for, can lead to erroneous equilibrium constant measurements. The distribution of a ligand (L) in a system containing target and carrier DNAs can be summarized by the mass balance equation: 20 homologies revealed that ∼100 binding sites are only possible if sequences are included which contain as few as 12 TAT triplets. In fact, lambda contains no sequences with greater than 15 possible TAT triplets and no sequences which could produce more than eight contiguous TAT triplets. Such levels of mismatches are expected to not provide strong binding sites for dT 20 (10, 12, 13, 15, 25) and therefore under the conditions of this experiment it is assumed that the concentration of free dT 20 is approximately equal to the concentration of input ligand. Experimental support of this claim will be discussed below.
To quantitate the relative concentrations of bands 1 and 2, the bands were excised from a 6% denaturing polyacrylamide gel and scintillation counted. (Fig. 3B,  filled squares) . The scatter observed in the band 2 scintillationtitration data (Fig. 3B, filled squares) was reduced by dividing the band 2 data by the band 1 data (Fig. 3A) . The resulting titration curve was fit to the logistic dose-response equation (36) Experimental support for the assumption that the carrier DNA did not perturb the equilibrium measurement can be seen in the fit of the band 2/band 1 versus [dT 20 ] data to the logistic dose-response equation (Fig. 3A) . Removing free dT 20 from solution by high affinity carrier binding sites should have the greatest impact at low ligand concentrations. The dose-response equation is a symmetric function and therefore any significant reductions of free ligand concentration due to competition with higher affinity carrier binding sites should skew the low [dT 20 ] data points away from the symmetric curve. Inspection of Figure 3A suggests that the data is adequately modeled by the above equation. This result suggests that if there were any high affinity sites for dT 20 they were not numerous enough to significantly perturb the free dT 20 concentration. This analysis does not completely eliminate the possibility of a ligand-carrier interaction, particularly with sites that have K d carrier which are similar to the target sequence dissociation constant. However, as K d carrier increases so does the number of binding sites on lambda increase which would be necessary to reduce [dT 20 ] and perturb the target sequence equilibrium measurement. For example, if K d carrier = 100 nM then approximately 1000 lambda dT 20 binding sites would have to exist. 1000 binding sites requires that nearly half of the lambda sequence binds dT 20 . If this were the case, then contrary to the demonstrated high degree of TFO sequence specificity, dT 20 would have to bind DNA almost indiscriminately. In addition, it has been shown (24) that the presence or absence of carrier DNA has an immeasurable affect on the TFO-target equilibrium. Thus, the assumption that the free and input concentrations of dT 20 are approximately equal seems valid.
All measurements reporting binding constants using competitive probe/ligand equilibria suffer from the possibility that the probe binding event may perturb the ligand-site equilibrium. To assure that Eco57I did not perturb the K d measurement, pA20 was titrated with the enzyme at zero and a constant non-saturating dT 20 concentration ([dT 20 ] = 0.076 µM, see Fig. 3A , filled triangle for titration curve position). Figure 4B and C contain the scintillation data for bands 1 and 2 in the presence and absence of dT 20 . The enzyme concentration spanned a range from zero to maximum cleavage. For both bands, cleavage followed a dose-response relationship. A comparison of the titration data for band 1 in the presence and absence of dT 20 revealed that band 1 was essentially unaffected by the presence of dT 20 (Fig. 4B) . For (QACT) (24, 25) and Eco57I footprinting. Figure 5 contains titration data for three separate experiments using each technique under identical conditions. For ease of comparison the individual titrations were normalized by scaling the titration data so that the logistic dose-response asymptotes were zero at low TFO concentrations and 1 at high. This normalization is assumed to reflect fraction of site occupied or fraction bound (X b ). Comparing the Eco57I data (filled symbols) with the QACT data (open symbols) it is evident that both methods report similar dissociation constants. Using Eco57I K d = 0.66 ± 0.05 µM, QACT yielded K d = 0.50 ± 0.10 µM. The errors are the standard deviations from the three separate experiments. From a comparison of the relative scatter of the titration data points and the standard deviations of the measured K d s, it appears that the Eco57I experiment yields titration data that is more reproducible than does QACT. This is likely due to the relative signal to noise ratios (S/N) of the two experiments. For Eco57I S/N was greater than or equal to 10, for the QACT experiments S/N was maximally two. Unlike affinity cleavage oligonucleotides having as their 5′ terminal base 5-[N-(EDTAaminoethyl)-3-propioylimido]-2′-dU (24, 25) , the affinity cleavage molecule used here has a lower affinity for dA 20 dT 20 than the unmodified TFO. This observation is presumably due to the electron withdrawing acrylimido group and/or the restricted conformational freedom of this tether relative to the saturated 5-propioyl moiety.
Conclusion
It is possible to accurately and reproducibly measure a triplex equilibrium constant by blocking the cleavage but not the binding sequence of a type IIS restriction enzyme with a TFO. This was demonstrated using Eco57I and a plasmid constructed to contain a purine target sequence for the TFO dT 20 . Accuracy and reproducibility were demonstrated by measuring the dissociation constant of an affinity cleavage TFO by type IIS restriction enzyme footprinting and Quantitative Affinity Cleavage Titration. Since type IIS restriction enzymes cleave DNA at undefined sequences, it should be possible to extend this experiment to other DNA-ligand interactions. Specifically, experiments are in progress to explore whether type IIS restriction endonucleases could be exploited for both qualitative (i.e. determination of sequence specificity) and quantitative (i.e. K d measurement) assessments of other ligand-DNA interactions. Finally, type IIS restriction enzyme footprinting could facilitate the exploration of ligand-DNA interactions as a function of DNA secondary structure on large DNAs.
